Wet age-related macular degeneration (wet-AMD) is a leading cause of irreversible blindness.
where the patient's visual acuity (VA) would continue to decline after treatment, 6, 7 intravitreal injection of anti-VEGF is able to improve patients' VA. However, long-term and frequent injection is required in order to achieve continuous VA improvement. 8 Several retrospective
analyses have demonstrated that at least about 10 injections per year is required if the therapeutic benefit is to be sustained over multiple years. 9, 10 Switching to a lower injection frequency was associated with suboptimal treatment and eventually led to a decline in VA. [11] [12] [13] Monthly injection creates huge inconvenience and cost to the patients, hospitals, and societies. The issue is beyond patient compliance. It is practically impossible, in terms of the requirement of financial and healthcare resources, for most patients to maintain such injection frequency. 14 Similarly, anti-VEGF is also effective in treating diabetic macular edema and proliferative diabetic retinopathy, but the requirement of repeated injection forced most patients to choose the less effective laser treatment. 15 To overcome these obstacles, intravitreal controlled release systems that aim to prolong the therapeutic duration of anti-VEGF has been actively pursued over the past 10 years in both industry and academia. However, the following problems have been encountered:
(a) the time for protein release is not long enough; (b) the depot fails to preserve the protein activity; (c) the delivery vehicles are not compatible with ocular tissues. [16] [17] [18] [19] [20] The lack of an animal model to evaluate the prolong therapeutic duration of these formulations brings an additional barrier to the translation of these devices to clinical use. 18 Previously, we developed an injectable hydrogel composed of hyaluronic acid grafted with vinylsulfone (HA-VS) and dextran grafted with thiol (Dex-SH). Using the Blob model as a guidance for rational design, we were able to identify formulations that released bevacizumab in vivo in rabbit eyes for over 6 months with excellent biocompatibility. 21, 22 In this study, we aim to confirm the ocular biocompatibility in nonhuman primates, and evaluate the in vivo pharmacokinetics and long-term therapeutic effect of the controlled release formulation in a nonhuman primate model with recurrent choroidal neovascularization (CNV).
| MATERIALS AND METHODS

| Animals
Male rhesus monkeys (Guangdong Landau Biotechnology Co., Ltd.
Guangzhou, China) aged 2-4 years, weighting 3-5 kg, were used in this study. Center at Sun Yat-sen University (Acceptance number 2017-020).
For all ophthalmic procedures including laser photocoagulations, fundus imaging, ERG, and intraocular pressure measurement, the animals were anesthetized with intramuscular injection of 30 mg/kg pentobarbital followed by pupillary dilation with tropicamide and topical application of Alcaine on the ocular surface. For ethical reasons, the same monkey was used for biocompatibility, in vivo pharmacokinetics as well as the therapeutic effect evaluation (including CNV model construction).
| Preparation of chemically crosslinkable polymers
HA-VS and Dex-SH were prepared according to our previous publications. 21 21, 22, 39 The degree of modification (DM) for HA-VS and HA-SH used in this study was similar to the previous study. 
| ffERG measurement
The full-field electroretinography (ffERG) test was conducted before laser induction and after gel injection using an electrophysiological unit (Reti-port, Roland, Germany). The procedures, applied before the laser treatment and 3 days after the injection, were based on the ISCEV standard with six basic responses. 40 Briefly, the ground electrodes were subcutaneously inserted into the forehead skin and the reference electrodes were put into the lateral side skin of both eyes. Then the JET contact electrodes were placed on the cornea. The impedance was checked to make sure that the value was <10 kΩ by adjusting the electrode position. After at least 20 min of dark adaption, scotopic response 1 to 4 were recorded sequentially. After 10 min of light adaption, photopic response 5 to 6 were also recorded on both eyes.
| Fundus photography
The monkey's fundus was imaged by Pictor Plus (Volk Optical Inc., OH). The illumination level was set to 1. The head was at the upright position similar to human fundus imaging. To better image the hydrogel, after hydrogel injection an InView lens (Volk Optical Inc., OH)
adapted with an iPhone 6 was use. The monkeys were laid down with eyes facing up for InView imaging. The InView can better image the gel because of the larger visual field, thicker focal plane and the hydrogel in some cases will move toward the imaging field when the monkeys eyes were facing up.
| Fundus fluorescein angiography and CNV scoring
Fundus fluorescein angiography was performed with a Pictor Plus adapted with a fluorescein angiography module (Volk Optical Inc., OH). The illumination level was set to 3. The monkeys were quickly perfused with 10% fluorescein (Guangzhou Baiyunshan Pharmaceutical Co. Ltd., Guangzhou, China) through the vein at a dose of 0.05 mL/kg body weight. Fundus angiograms were obtained in the early (10 s after injection) and late phase ( 6 min). The late-phase angiogram was compared to the corresponding early phase image for CNV scoring. A I to IV classification system according to a previous study was used 24 , in which I = no hyperfluorescence; II = hyperfluorescence without leakage; III = hyperfluorescence early or mid-transit with late leakage; IV = hyperfluorescence early or mid-transit with late leakage extending beyond the borders of the treated area.
| Percentage of CNV spot remaining after treatments
For each treatment group, the total number of Grade III or IV CNV spots of the three monkeys were counted at different time point. The percentage of CNV spot remaining is calculated from the total number of Grade III or IV CNV spots at the time of measurement divided by the maximum number of Grade III or IV CNV spots developed. The remaining % of Grade III or IV CNV spot were plotted similar to a survival plot. Logrank test for trend were performed using Prism 7 to calculate the p value.
| Intravitreal injection of bolus or gel-formulated bevacizumab in monkey eyes
Bevacizumab (bolus or gel formulation) was injected to the monkey eyes after CNV leakage (Grade III/IV) were fully developed in the mon- 
| Enzyme-linked immunosorbent assay
The concentration of bevacizumab in the aqueous humor was measured by Sandwich Enzyme-linked immunosorbent assay (ELISA).
Aqueous humor samples of about 175 μL were taken out from the anterior chamber using a 1 mL syringe attached to a 28G needle. The samples were immediately placed on ice and taken to the laboratory for 3 | RESULTS 
| Ocular biocompatibility in monkeys
| In vivo pharmacokinetics in monkey eyes
The aqueous pharmacokinetics of intravitreally injected bolus bevacizumab in monkey eye showed an exponential decay similar to the results in previous studies (Figure 4) . 18, 23 The aqueous elimination half-life calculated assuming first order elimination was 3.5 days, which is similar to the value calculated by Miyake et al. (2.8 days) . 16 The in vitro release kinetics and the in vivo rabbit eye pharmacokinetics of the present hydrogel has been described previously. The hydrogel was able to release bevacizumab at therapeutically relevant level for at least half year in vivo in rabbits eyes. 21, 22 In the present monkey study, we found that for the first 4 weeks, the pharmacokinetic profile of the gel group matched closely to that of the bolus group, although the concentration was slightly higher. Afterwards, a much slower decay with a half-life of about 3 months was observed. Thus, the gel group showed a different pattern of concentration-time profile in the aqueous humor when compared to the bolus group. The concentration of bevacizumab in the aqueous was 78 ± 27 and 27 ± 10 ng/mL (mean ± SD) in Week 7 and Week 21 post gel injection; whereas the value in Week 4 was 50 ± 32 ng/mL (mean ± SD) after bolus injection.
| Antiangiogenic effect against recurrent laser induced CNV
At least one CNV spots of Grade III or IV was successfully induced in After each laser treatment, it took 3-4 weeks for the CNV spots to develop and reach the maximum value. In the control group receiving no bevacizumab, 80% of the CNV spots remained Grade III or IV for at least 3 months ( Figure 5 ). In the group receiving bolus injection, the CNV spots induced by Laser 1 vanished entirely after the treatment, confirming the expected therapeutic effect of bevacizumab 24, 25 ( Figure 5a ). Subsequent to the complete resolution of the CNV spots by Laser 1, Laser 2 was performed for this group in Week 8 (Scheme 1), which was 4 weeks after bolus injection. However, the low and exponentially decreasing concentration of bevacizumab neither prevent nor resolve the CNV spots induced by Laser 2 (Figure 5b ). The percentage of CNV spots followed the same trend as control group, with an initial modest decrease (considered as self-recovery) in the first month and remained the same for the rest of the study. The number is slightly lower than the control group (67% vs. 80%).
In the gel group, the CNV spots induced by Laser 1 also vanished entirely albeit at a slightly slower rate compared to the bolus group 
| DISCUSSION
Wet AMD and DR are serious public health problems because it could lead to blindness if not treated properly. 26, 27 Posterior eye diseases are the leading causes of blindness in developed countries. 28 The invention of anti-VEGF therapy and the success of clinical use were encouraging; however, the once-per-month injection scheme for the management of chronic eye diseases was impossible to be implemented in most parts of the world. In recent years, there has been a growing interest to reduce the number of anti-VEGF injection. It was postulated that VEGF could be a neurotrophic factor and monthly frequent injection might cause retina and retinal pigment epithelium damage, causing geographic atrophy and in the long run deteriorate patients' vision. 29 However, new evidence has shown that prolonged VEGF blockage is not neurotoxic and monthly injection of anti-VEGF is necessary to maintain a patient's long-term visual gain.
11,30,31
In order to reduce the injection frequency, gene therapy and controlled release devices are the two major areas of research. Gene therapy has the potential to ultimately reduce injection to one time only.
However, recent clinical trials suggested that the control of viral infection and expression is far from optimum. 32 Controlled release device on the other hand offers a potentially simpler solution that can be translated to clinics in a shorter time because the antibody drug has already been proven effective and safe. Various types of devices, including micropumps, polymeric reservoirs, polymeric implants, polymeric particles, hydrogels, and hybrid systems, have been developed in recent years. 18 However, despite the intense efforts in the past decade, only two implant devices have been evaluated in early phase clinical trials and the results were unsatisfactory. 18 The major issues for formulating anti-VEGF are related to ocular biocompatibility, release kinetics, and protein activity. In this study, we have demonstrated that the hydrogel depot of anti-VEGF protein we developed has the potential to overcome these issues.
For biocompatibility, we previously demonstrated that our polysaccharide based, chemically crosslinked in situ hydrogel was well tolerated in rabbit eyes. 22 HA was chosen as one of the main components because it is native to the eye. 33 Both HA and dextran have been used extensively in ophthalmological applications and have excellent safety records. 34 However, controlled release devices that are well tolerated in rabbits may still elicit inflammation and other incompatibility problems in primates. 16 To address this question, the of inflammatory cytokines has been shown to be well-correlated to the vitreous concentration and pathological states. [35] [36] [37] [38] The results showed that a spike of upregulation of all cytokines were observed after injection, but the level quickly returned to the baseline within a week and stayed the same throughout the study (5 months) ( Figure 3 and Supporting Information Figure S1 ). This result suggested that the cytokine spike may be a result from the injection and the presence of gel did not induce chronic inflammatory response.
We showed that the hydrogel was able to release bevacizumab in monkey eyes for over 5 months (Figure 4) . In Week 21, the measured concentration of bevacizumab in the gel group was 27 ± 10 ng/mL, which is much higher than the expected concentra- Although the statistical analysis is less meaningful because of the small number of animal and the large variation of the monkey, our results indicate that: (a) the protein encapsulated in the hydrogel is likely to be still active after 3-5 months; (b) the concentration of active drug in the vitreous is likely to be therapeutically effective when maintained for a prolong period of time. In this study, we followed the percentage change of total number of Grade III and IV CNV spots for each group. In essence, this analysis showed the drying of the leakages from newly grew vessel which we believe will better reflect the therapeutic effect. The change of total fluorescent intensity of Grade III and IV CNV spots for each group were also summarized in Supporting Information Figure S2 as a reference. It should be noted that, assuming the hydrogel does not accelerate the clearance of the drug in the eye, the bevacizumab concentration measured in the aqueous would be about 5 times lower than vitreous concentration for human, 18 and the clearance rate in monkey would be about 2 times faster than human. 18 Thus the hydrogel controlled release system warrants further effort for translation into clinical use. 
ACKNOWLEDGMENTS
AUTHOR CONTRIBUTIONS
Y.Y. contributed experimental design, experiment execution, data analysis, and manuscript preparation; X.L. contributed experiment SCHEME 1 Laser and drug injection schedule in the current study 
